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Abstract 
This paper investigates the β-phase depletion behaviour during oxidation of free-standing 
CoNiCrAlY (Co-31.7%Ni-20.8%Cr-8.1%Al-0.5%Y, all in wt%) bond coats prepared by high 
velocity oxy-fuel (HVOF) thermal spraying. The microstructure of the coatings was 
characterised using scanning electron microscopy with energy dispersive X-ray (EDX) 
analysis and electron backscatter diffraction (EBSD). It comprises a two phase structure of 
fcc-Ni and bcc -NiAl, with grain sizes varying largely from 0.5 to 2 µm for both phases. 
Isothermal oxidation tests of the free-standing coatings were carried out at 1100 C for times 
up to 250 h. The phase depletion behaviour at the surface was measured and was also 
simulated using Thermo-Calc and DICTRA software. An Al flux function derived from an 
oxide growth model was employed as the boundary condition in the diffusion model. The 
diffusion calculations were performed using the TTNi7 thermodynamic database together 
with the MOB2 mobility database. Reasonable agreement was achieved between the 
measured and the predicted element concentration and phase fraction profiles after various 
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time periods. Grain boundary diffusion is likely to be important to element diffusion in this 
HVOF sprayed CoNiCrAlY coating due to the sub-micron grains. 
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1. Introduction 
Thermal barrier coatings (TBCs) are widely used to protect high temperature components in 
turbine engines from harsh operating environments [1, 2]. TBC systems consist of a ceramic 
top coat, a metallic bond coat and a superalloy substrate [3-5]. Additionally, a thermally 
grown oxide (TGO) forms at the interface between the top coat and the bond coat during 
service at elevated temperature due to the fact that oxygen permeates through the ceramic top 
coat and oxidises the bond coat. The durability of the overall TBC system is largely 
determined by the microstructural, chemical and mechanical characteristics of the bond coat 
[6-8]. Among different types of bond coats, MCrAlY overlay coatings, where M = Co, Ni or a 
combination of the two, are of great interest for their excellent oxidation resistance and good 
adhesion between the top coat and the superalloy substrate [9-16]. Depending on the 
compositions, MCrAlYs generally exhibit a multi-phase structure; e.g. a fcc -Ni matrix and a 
bcc -NiAl secondary phase. The -NiAl acts as an aluminium source and promotes the stable 
and continuous formation of aluminium oxides, predominantly Al2O3, during oxidation. This 
Al2O3 scale, also referred to as the TGO, forms between the top coat and the MCrAlY bond 
coat [10, 17-19]. It is widely recognised that the growth of the TGO during service causes 
progressive build-up of stress in the system, leading to the spallation of the ceramic top coat 
and eventually causing detrimental effects to the turbine engine components [20-22]. The 
continuous growth of the TGO due to aluminium diffusion from the MCrAlY bond coat 
results in subsequent  phase depletion at the oxide/bond coat interface [23-28], causing 
mechanical and chemical degradation of the coating. Degradation of the bond coat also occurs 
due to interdiffusion of element between the MCrAlY and the superalloy substrate. This is not 
considered in the present paper but has been studied by others, e.g. [29-41]. In these research 
works, the emphasis has been on substrate/bond coat interdiffusion and specific comparisons 
between measured and predicted β-phase depletion at the oxide/bond coat interface have not 
been considered. On the other hand, several analytical models concerned with the oxidation of 
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two phase systems in which the secondary phase dissolves during oxidation have been 
reported, e.g. [42-48]. In these models, the secondary phase depletion behaviour during 
oxidation can generally be represented by the parabolic diffusion law, Eq. (1), 
 𝑥𝑑~√𝑡 (1) 
where 𝑥𝑑 is the width of the second phase depletion zone and 𝑡 is the oxidation time. 
 
Considering the significance of β depletion on the degradation of TBCs, therefore, the aims of 
the work reported in this paper were to investigate specifically the kinetics of β depletion at 
the oxide surface in free-standing MCrAlY coatings during isothermal oxidation, to develop a 
numerical model for phase evolution and element diffusion using the available 
thermodynamic and kinetic data of the MCrAlY system, and to study the grain size effect in 
these thermally sprayed MCrAlY coatings. 
 
2. Materials and experimental procedure 
2.1 Materials preparation, heat treatment and isothermal oxidation 
The coatings used for isothermal oxidation experiments were prepared by high velocity oxy-
fuel (HVOF) thermal spraying using powder with a nominal composition of Co-31.7%Ni-
20.8%Cr-8.1Al%-0.5%Y (all in wt%). The powder was obtained from Praxair (commercially 
available as CO-210-24) and had a size range -45+20 m. The coatings were deposited onto 
800-grit ground mild steel substrates with dimensions 60  25  1.8 mm using a Met Jet III 
liquid fuel HVOF gun. The details of the spraying process are given in reference [49]. 
Coatings were sprayed to a thickness of approximately 0.5 mm and were then debonded from 
the ground substrate by bending around a mandrel. Two surface conditions were used in the 
experiments on the debonded free-standing CoNiCrAlY coatings: (I) an as-sprayed rough 
surface (surface roughness, Ra = 6.1 ± 0.5 m) and (II) a polished surface (Ra = 0.2 ± 0.1 m). 
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An initial vacuum heat treatment (HT) was given to the debonded coatings prior to oxidation. 
Coatings were heat treated in a vacuum with a nominal pressure of 6.0  10-3 mbar at 1100 C 
for 2 h followed by air cooling to replicate the initial heat treatment given to the bond coat 
material in conventional TBC manufacture. Previous work has demonstrated that the initial 
heat treatment has the effect of reducing any coating porosity to a minimal level [49] and 
allows the β phase to coarsen and precipitate [50]. For isothermal oxidation experiments, heat 
treated samples were exposed to laboratory air in a Carbolite furnace at 1100 C for 50 h, 75 h, 
100 h and 250 h followed by natural air cooling. 
 
2.2 Material characterisation 
For microstructural observations, samples were mounted in a conductive resin and 
successively ground and polished to a 1 m surface finish. The microstructures of coating 
cross-sections before and after isothermal oxidation were examined in a FEI XL 30 scanning 
electron microscope (SEM) operated at 20 kV. Backscattered electron (BSE) imaging was 
used to form images and semi-quantitative energy dispersive X-ray (EDX) analysis was also 
utilised to obtain element profile measurements and phase identification through chemical 
analysis. Image analysis software, ImageJ [51], was used to measure the width of the  
depletion zone and β-phase volume fractions. SEM-based electron backscatter diffraction 
(EBSD) was carried out to investigate the grain morphology of coating cross-sections using a 
Zeiss 1530 VP field emission gun scanning electron microscope (Carl Zeiss, Inc, Mape, 
Grove, MN) with an EDAX Pegasus combined electron backscatter diffraction system 
(EDAX, Mahwah, NJ, USA). For EBSD analysis, a further stage of chemical/mechanical 
polishing using colloidal silica was required after the standard grinding and polishing 
procedure to achieve reduced surface deformation. The EBSD patterns were recorded at an 
acceleration voltage of 20 kV with a beam current of 26 nA at a specimen tilt angle of 70. 
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EBSD maps were collected with a step size of 0.1 m and areas of 50 m  50 m. The 
EBSD data acquisition and processing were performed using the EDAX OIM5 software suite. 
 
3. Modelling procedure 
3.1 Model description 
The initial composition is taken to be Co-31.7Ni-20.8Cr-8.1Al (all in wt%). The small 
amount (~0.5 wt%) of Y actually present in the alloy is neglected and remaining elements are 
scaled accordingly. The alloy is assumed to be at thermodynamic equilibrium initially and the 
temperature is set to be 1100 °C. The free-standing coating is held at this temperature for 
different periods of time and Al2O3 growth, taken to be planar, occurs on both surfaces 
according to a kinetic law (described later in section 3.2). At any time, t, the microstructure 
during oxidation is shown by the schematic cross-section of Fig. 1. In this system, the Al2O3 
scale grows at the oxide/coating interface and is in contact with a single γ-Ni phase region 
known as the β depletion zone whilst the interior of the sample comprises a two phase (γ + β) 
region as predicted by thermodynamic equilibrium for the alloy composition. During 
oxidation, the β phase volume fraction is expected to vary as shown schematically in Fig. 2, 
where the β phase depletes as the Al2O3 forms and eventually the fraction of β in the γ+β 
region decreases. 
 
3.2 Oxidation model 
The β depletion model assumes that growth of Al2O3 scale requires a flux of aluminium from 
the coating. Owing to the approximately planar nature of this free-standing coating system, 
the whole system can be approached by a one-dimensional model. In this study, the oxidation 
model reported by Meier et al. [34] for a Ni-Co-Cr based bond coat was employed, in which 
they proposed a simplified power law oxide growth model as expressed in Eq. (2), 
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 𝛿(𝜇𝑚) = {𝑒𝑥𝑝 [𝑄 (
1
𝑇0
−
1
𝑇
)] 𝑡}
𝑛
 (2) 
where 𝑄 =  𝐻/𝑅, 𝐻 is the activation energy in J/mol, 𝑅 is the gas constant in J/(molK). 
𝑇0 is a temperature constant in K, 𝑇 is the oxidation temperature in K, 𝑡 is the oxidation time 
in seconds and 𝑛 is a constant. By the combination of the above parameters, oxide growth 
thickness can be obtained in m. 𝑄, 𝑇0 and 𝑛 were found by Meier et al. to be 27777.4 K, 
2423.7 K and 0.332 respectively by fitting this oxide growth behaviour between 
1038~1149 ºC to experimental data [34]. Taking a differential of Eq. (2) with respect to time, 
the oxide growth rate can be obtained as Eq. (3). 
 ?̇?(𝜇𝑚 𝑠)⁄ = 𝑛 {𝑒𝑥𝑝 [𝑄 (
1
𝑇0
−
1
𝑇
)] 𝑡}
𝑛−1
 (3) 
Following the approach implemented by Nesbitt et al. [30], the Al flux,  𝐽𝐴𝑙 , at the 
oxide/coating interface can be determined by Eq. (4), which is used as the boundary condition 
in the DICTRA diffusion model in the following section, 
 𝐽𝐴𝑙 = ?̇? ∙ 𝜌𝑜𝑥 ∙ 𝑟 (4) 
where ?̇? is the oxide growth rate, 𝜌𝑜𝑥 is the density of the oxide, taken as the density of Al2O3 
in this study (3950 kg/m
3
), 𝑟 is the ratio of the atomic weight of Al to Al2O3. Oxidation will 
cause the material surface to recede due to the continuous loss of elements in the material. 
However, according to the nature of the alumina growth [52], the surface recession is very 
small, this has also been demonstrated by Nesbitt et al. [30]. Thus in the current work, surface 
recession is neglected. 
 
3.3 Diffusion modelling 
Initial phase fraction calculations were carried out using Thermo-Calc [53] and diffusion 
modelling was performed using finite difference software DICTRA from Thermocalc-AB 
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[54]. The diffusion modelling is based on Fick’s first law, Eq. (5), and Fick’s second law, 
Eq. (6), 
 𝐽𝑘 = −𝐷𝑘 ∙
𝜕𝐶𝑘
𝜕𝑥
 (5) 
 𝜕𝐶𝑘
𝜕𝑡
=
𝜕
𝜕𝑥
(−𝐽𝑘) =
𝜕
𝜕𝑥
(𝐷𝑘 ∙
𝜕𝐶𝑘
𝜕𝑥
) (6) 
where, 𝐽𝑘  is the interdiffusion flux of element 𝑘, 𝐶𝑘  is the concentration of 𝑘 and 𝐷𝑘  is the 
interdiffusion coefficient of element 𝑘. DICTRA alternatively uses the chemical potentials 
and mobility of the individual elements to extend Fick’s first law, which can be expressed as 
Eq. (7), 
 𝐽𝑘 = − ∑ 𝐿𝑘𝑖
′
𝑛
𝑖=1
∙ ∑
𝜕𝜇𝑖
𝜕𝐶𝑗
𝑛
𝑗=1
∙
𝜕𝐶𝑗
𝜕𝑥
 (7) 
where 𝜇𝑖  are the chemical potentials of elements and 𝜕𝜇𝑖 𝜕𝐶𝑗⁄  are purely thermodynamic 
quantities. The term 𝐿𝑘𝑖
′  can be considered as the proportionality factor which depends on the 
mobility of the individual elements. Therefore, by combining Eq. (6) and (7), numerical 
solutions can be achieved through finite difference methods if thermodynamic data and 
mobility data are available. More details about DICTRA software are given in reference [54]. 
In this study, thermodynamic data were obtained from the nickel superalloy database, TTNi7, 
supplied by Thermotech [55] and mobility data were obtained from the kinetic mobility 
database, MOB2, supplied by Thermo-Calc. 
 
3.3.1 Initial conditions 
Considering the symmetry boundary of the coating oxidation system shown in Fig. 2, the 
width of the model is set to 250 µm, i.e. half the thickness of the debonded coating. The 
schematic diagram of the model is shown in Fig. 3, where the boundary condition at the 
oxide/coating interface is the Al flux and the other side of the model is set as a closed system 
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with zero flux boundary. In the majority of the calculations, a grid was used where, in the first 
50 m from the oxide/coating interface, the grid spacing is kept at 0.2 m and then in the 
remaining 200 µm the grid spacing is set to 2 m. The elements considered are Al, Ni, Co, 
and Cr and the phases considered are -fcc and -NiAl, where -NiAl phase is defined as a 
dispersed phase of equilibrium composition. 
 
Since the coatings received an initial heat treatment at 1100 °C for 2 h, an initial oxide, 
associated with an initial β depletion zone, formed at the coating surface. By assuming this 
initial oxide is in the form of Al2O3 and assuming the Al used to form this initial Al2O3 layer 
is all sourced from the β phase, the corresponding initial β depletion zone can be estimated 
with respect to the initial oxide thickness through a mass balance conversion. This is 
summarised in Table 1 for three different assumed initial oxide thicknesses. In this study, an 
initial oxide of 1 µm associated with a 5.6 µm initial β depletion zone was selected to account 
for the initial experimentally observed β depletion zone of about 5 µm formed after the initial 
heat treatment at 1100 ºC for 2 h. The initial element concentration profiles are given as step 
profiles where the element composition in the initial β depletion zone is taken as the γ phase 
composition, calculated from Thermo-Calc (Table 2) at 1100 ºC, and the composition in the 
γ+β region is taken as the initial alloy composition (Co-31.7%Ni-20.8Cr-8.1%Al-0.5%Y, all 
in wt%) by normalising the elements to 100% excluding Y. This initial step profile is shown 
in Fig. 4. The effects of different initial oxide thicknesses on the growth of β depletion zone 
are investigated and discussed in Section 5.2. 
 
3.3.2 Boundary conditions 
As described earlier, an Al flux function (Eq. (4)) derived from the oxide growth model 
(Eq. (2)) was obtained. To avoid an infinite Al flux at the beginning of the diffusion 
calculations, it was assumed that 1 m Al2O3 had already formed before the diffusion 
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calculation started. This was to account for the initial β depletion zone of about 5 µm which 
formed after the initial heat treatment at 1100 ºC for 2 h. Thus the initial aluminium flux is 
taken as the flux value after 1 µm oxide has formed, where t
1
 is the time for the oxide to reach 
1 μm. t1 can be obtained from Eq. (2), for 1 μm oxide, t1 = 6441s. Subsequently the flux of Al, 
JAl, follows Eq. (4) in the diffusion calculations. 
 
3.3.3 Labyrinth factor 
The standard DICTRA model considers diffusion only in the  matrix while the secondary 
phases like -NiAl are held as non-diffusional phases [54]. Diffusion through the dispersed 
phase (the β phase in the present model) is neglected, but its effect on diffusion in the matrix 
by reducing the area available for diffusion (i.e. blocking the diffusion paths) is incorporated 
via a labyrinth factor which depends on the volume fraction and geometry of the precipitates. 
The β-NiAl phase is defined as a dispersed phase that acts as point sinks or sources, the 
fractions of which grow or shrink depending on the simulated composition at each location. 
This impeding effect of dispersed phases on diffusion is accommodated by a so-called 
labyrinth factor, represented as a function of the volume fraction of the dispersed phases. 
Following a similar approach used by Hashin and Shtrikman [56], Gomez-Acebo et al. [57] 
proposed the upper and lower bounds for effective diffusivity in a two-phase material, can be 
given as, 
 𝐷𝑒𝑓𝑓
𝑢𝑝𝑝𝑒𝑟 = 𝐷𝛾 +
𝑓𝛽
1 (𝐷𝛽 − 𝐷𝛾)⁄ + 𝑓𝛾/(3𝐷𝛾)
 (8) 
 
𝐷𝑒𝑓𝑓
𝑙𝑜𝑤𝑒𝑟 = 𝐷𝛽 +
𝑓𝛾
1 (𝐷𝛾 − 𝐷𝛽)⁄ + 𝑓𝛽/(3𝐷𝛽)
 (9) 
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where, 𝐷𝛽 and 𝐷𝛾 are the diffusivities for and respectively. Taking the diffusion data from 
the work reported by Karunaratne et al. [33], 𝐷𝛽 ≈ 0.1𝐷𝛾, the above bounds can be rewritten 
as: 
 
𝐷𝑒𝑓𝑓
𝑢𝑝𝑝𝑒𝑟 = 𝐷𝛾 ∙ (1 +
3 − 3𝑓𝛾
𝑓𝛾 −
10
3
) (10) 
 
𝐷𝑒𝑓𝑓
𝑙𝑜𝑤𝑒𝑟 = 𝐷𝛾 ∙ (0.1 +
0.9𝑓𝛾
4 − 3𝑓𝛾
) (11) 
The terms in brackets are the labyrinth factor. In this study, the upper bound was used in the 
DICTRA calculations. It has to be emphasised that this may not be the upper bound for 
diffusion in the actual system, but only as a first approximation. After the above conditions 
were set, diffusion calculations were performed at 1100 ºC for 250 h at a time step of 1000 s 
using a fully implicit solution method. 
 
4. Results 
4.1 Microstructural analysis 
Typical SEM micrographs of the HVOF sprayed CoNiCrAlY bond coat after heat treatment 
are shown in Fig. 5, where Fig. 5(a&b) are the coating with a rough surface and a polished 
surface respectively. It can be seen an initial alumina layer and an initial β depletion zone 
have developed at the coating surface. This initial β depletion zone is an average of ~5 µm. 
Fig. 5(c) shows a dual phase structure of the CoNiCrAlY bond coat, in which the brighter 
phase is the fcc γ matrix and the darker phase is the bcc  secondary phase. Oxide stringers 
that formed due to HVOF spraying can also be found in the coating as shown in Fig. 5(c). The 
volume fraction of the β phase is 30% ± 2% as measured by image analysis. A plot of phase 
mass fraction versus temperature obtained from Thermo-Calc is presented in Fig. 6 using the 
TTNi7 thermodynamic database. It can be seen that the expected constitution at 1100 ºC is 
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γ+β. The mass fractions of the γ and  phase obtained from Thermo-Calc are converted to 
volume fraction using an approach stated in reference [7] and these agree well with 
experimentally measured volume fractions, as summarised in Table 3 assuming phase 
equilibrium at 1100 ºC. The composition of each phase was measured by EDX and 
summarised in Table 2. It can be seen that the experimentally measured phase compositions 
generally agree with those obtained from the TTNi7 database at 1100 ºC. It is worth noting 
that the measured Ni and Cr contents in the γ phase are larger than the calculated contents 
whilst Co is slightly lower compared to the value from the database. The inverse pole figure 
map and phase distribution map derived from EBSD data are shown in Fig. 7(a) and Fig. 7(b) 
respectively. These figures reveal that the -phase dimensions are typically 0.8~2 m and 
appear to be largely monocrystalline. The  phase is clearly polycrystalline with 
approximately equiaxed grains that exhibit a wide range of grain diameters typically from 2 
m to 500 nm or less. Many of the  grains are twinned but there is no evidence for preferred 
orientation in either  or  phases. 
 
4.2  depletion during isothermal oxidation 
After isothermal oxidation at 1100 ºC, an alumina scale has formed on the coating surface, 
resulting in the β depletion zone formation, typically shown in Fig. 8. The β depletion zone 
grows progressively with the oxidation time. The β depletion zone measurements were carried 
out from the edges of β phase particles to the coating surface and are plotted in Fig. 9, 
including the initial β depletion zone after heat treatment. It can be seen that the β depletion 
zone at the rough surface is about 2 times larger than that at the polished surface. An EBSD 
map of the microstructure in the region of the β depletion zone after 250 h oxidation is shown 
in Fig. 10. It can be seen that both the γ and β grains have coarsened due to annealing at 
1100 ºC (compare with Fig. 7). The γ phase remains twinned with polycrystalline equiaxed 
grains and no preferred orientation has developed for either phase. 
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4.3 Modelling results 
Fig. 11 shows the phase fraction evolution obtained from DICTRA calculations for periods of 
50 h, 75 h, 100 h and 250 h at 1100 ºC. The initial β depletion zone, which resulted from the 
initial step element profile defined previously in Fig. 4, is also included in this figure. It can 
be seen that the β phase depletes from the surface as time increases. Typical element 
composition profiles after 100 h simulation are shown in Fig. 12. It can be seen that the Al 
content is about 4.8 wt% at the oxide/coating interface. Concentrations of the other elements 
change as a result of diffusion which is driven by the chemical potential gradients in the alloy. 
Since the Al loss is crucial to the β depletion, Al concentrations in the coating over different 
time periods are plotted in Fig. 13. It can be observed that the Al content in the β depletion 
zone is calculated to be ~4.8 wt%, and increases to an average of 8.1 wt% in the γ+β region 
for times up to 100 h. For 250 h, the Al content in the γ+β region decreases below 8.1 wt% 
due to the continuous loss of Al causing the overall β fraction in the γ+β region to decrease 
slightly. It is worth noting that the Al concentration gradient in the β depletion zone is shallow 
but the mobility of the Al is high.  
 
The element composition profile after 250 h oxidation at 1100 ºC determined by EDX 
analysis is compared to the modelling results in Fig. 14. Although larger β depletion is 
predicted in the modelling data, the element concentrations are in good agreement with the 
model predictions. It can be seen that the measured Al concentration in the  depletion zone 
fluctuate between 4.6~4.8 wt%. Ni and Cr have a slightly larger concentration while Co 
shows a smaller concentration compared to the model predictions. Since the Al loss is 
determined by the Al flux (which is derived from the oxide growth model, Eq. (2)), the actual 
value of Al flux is closely related to the assumed initial oxide thickness. Thus, the β depletion 
zone develops at different rates according to this assumption in Fig. 15. Since the oxide 
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growth model is based on a power law with a growth exponent of 0.332, the β depletion may 
not strictly exhibit the parabolic oxidation but in this case it is nearly parabolic, as shown in 
Fig. 15. 
 
5. Discussion 
5.1 Surface roughness 
The β depletion zone can be employed to help interpret the oxidation behaviour of 
CoNiCrAlY coatings in an indirect way. Since the oxide layer may spall off during oxidation 
or sample preparation, β depletion can be a representative way to interpret oxidation. It is 
shown in Fig. 9 that the  depletion zone in samples with a rough oxidising surface is greater 
than in samples with a polished surface. The larger surface contact area will result in a greater 
Al flow and lead to more severe β depletion, especially in those regions that are convex. 
Consequently, larger β depletion zones are formed at a rough surface compared to a polished 
surface. This agrees with other work reported in the literature [12, 19, 58]. It has also been 
reported that surface roughness can affect the yttrium distribution by forming yttrium 
aluminides in concave regions of the coating [59], but this has not been observed in this study. 
 
5.2 Effects of initial oxide thickness 
In TBC applications, pre-heat treatment is frequently utilised to produce a thin alumina scale 
on the bond coat surface. It is widely believed that this pre-existing alumina scale can 
stimulate further alumina growth. To model this condition, an initial oxide associated with an 
initial β depletion zone was assumed. Since the Al flux is derived from the oxide growth 
model, it will be infinite at the boundary unless a finite initial oxide thickness is applied. As a 
result of the presence of the initial oxide, the Al flux has a finite starting value, depending on 
the thickness assumed. When the diffusion calculation starts, for a 1 µm initial oxide 
thickness, compared to the other two conditions, the initial Al flux is one order of magnitude 
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smaller. Therefore, in Fig. 15, the β depletion rate for an initial 1 µm oxide is slower. Since 
the β phase is defined as a dispersed phase in the DICTRA model, the β-phase fraction 
decreases to supply the Al to the oxide. The continuous loss of Al causes the β phase to 
deplete progressively. For a thinner initial oxide thickness with higher Al flux, the β depletion 
occurs more rapidly. In Fig. 15, it can also be seen that with different initial oxide thicknesses, 
β depletion still exhibits nearly parabolic growth behaviour. 
 
5.3 Comparison between modelling and experimental results 
Since Meier’s model [34] for oxide growth was developed for a rough surface, the 
comparison between the EDX composition measurements and modelling results is carried out 
for the rough surface samples in Fig. 14. The offsets of Co, Ni and Cr in Fig. 14 may be 
attributed to the intrinsic compositional difference between the measured and calculated phase 
compositions. It is indicated in Table 2 that the measured Ni and Cr contents are larger than 
the calculated contents in the γ phase whilst Co is lower. In DICTRA diffusion calculations, 
the main driving force for the element concentration evolution is due to the chemical potential 
difference of each element and it partially depends on the concentration of other elements. 
Since Al flux is the only boundary condition in this model, changes in the concentration of Co, 
Ni and Cr are only driven by the chemical potential of each element. As such, a new element 
profile is developed after Al flux is applied. Therefore, the pre-existing discrepancy between 
the calculated and measured phase compositions could still be retained. Some offsets of the 
element profiles are observed, nevertheless they show reasonably satisfying agreement. It is 
also worth noting that, in reality, the oxidation is a very complicated process, involving the 
formation and spallation different oxides, such as spinel oxides ((Ni,Co)(Al,Cr)2O4). This 
may create further discrepancy between the experimental measurements and the modelling 
predictions. 
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The experimentally measured β depletion zone thickness at the rough surface of the free-
standing CoNiCrAlY coating is compared to the modelling results as plotted in Fig. 16. The 
modelling predictions that assume a 1 µm initial oxide thickness are used to compare with 
experimental β depletion measurements as this initial oxide thickness is typical of what is 
found experimentally. It can be seen that the predicted β depletion zone widths are slightly 
larger than the measured ones. This might be attributed to several factors. Firstly, the 
impeding effects from the dispersed β phase may not be properly accounted for by the 
labyrinth factor in the DICTRA software, in which case the effective diffusivity within the γ 
matrix is too high. This could result in larger β depletion zone width in the calculations. 
Secondly, the oxide growth model has already been demonstrated to have a significant effect 
on the β depletion calculations since the boundary condition, Al flux, is based on the oxide 
growth model. It is indicated in Eq. (2) that the Al flux is very large at the beginning of 
oxidation, which agrees well with the classic oxidation modelling where the initial flux at the 
boundary is nearly infinite [60]. Though the assumed β depletion zone is similar to that 
formed after the initial heat treatment, the resultant Al flux after an initial oxide has been 
applied may still be too large. But it is worth noting that modelling data in Fig. 16 show a 
good fit with the parabolic diffusion law, as described in Eq. (1). 
 
5.4 Element diffusion mechanism 
It can be seen in Fig. 14 that the Al concentration gradient in the β depletion zone is very 
shallow. This concentration gradient of Al in the depletion zone is determined by two factors 
namely the chemical potential gradient and the mobility or diffusion coefficient of Al. In 
modelling, using DICTRA as well as other relevant work published in the literature, diffusion 
is only considered to be lattice diffusion. However, in the case of a very fine grain structure, 
as is shown to exist in Fig. 7, grain boundary diffusion may have also contributed. 
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In a fine grained material, the grain boundary area is much greater than the cross-sectional 
area. Therefore, atoms, such as Al, diffusing along the grain boundaries will be able to diffuse 
much faster than atoms diffusing through the lattice. In other words, the grain boundary offers 
an easy element diffusion path, which eventually affects the apparent diffusion coefficient as 
expressed in Eq. (12) [61], 
 𝐷𝑎𝑝𝑝 = 𝐷𝑙 + 𝐷𝑏 ∙ (∆ 𝑑⁄ ) (12) 
where 𝐷𝑙 is the lattice diffusion coefficient and 𝐷𝑏 is the grain boundary coefficient, ∆ is the 
width of the grain boundary, normally taken as 0.5 nm, and 𝑑 is the grain size, taken as 1 m 
in our case. The activation energy for diffusion along the grain boundary (𝑄𝑏) is lower than 
that for lattice diffusion (𝑄𝑙) and it is generally found in fcc metals that 𝑄𝑏   0.5 𝑄𝑙. Taking 
the diffusion data from the work reported by Karunaratne et al. [33], by applying the 
parameter in Eq. (12), the apparent diffusion coefficient can be obtained as shown in Fig. 17 
as a function of temperature. It can be seen that at 1100 C, both lattice diffusion and grain 
boundary diffusion contribute to the apparent diffusion coefficient due to a very fine grain 
size. The apparent diffusion coefficient for Al is larger than the lattice diffusion coefficient. 
However, the experimentally measured β depletion zone widths are smaller than the model 
predictions in Fig. 16 and so it is possible that the Al flux derived from the oxide growth 
model is too large and leads to more severe  depletion in the diffusion calculations. Similar 
observations have been found in work reported by Karunaratne et al. [33] in that the β 
depletes at a faster rate in their model compared to their experimental β depletion. Future 
work is required to develop a more suitable oxide growth model and account for the grain 
boundary diffusion for specific CoNiCrAlY coatings to produce more reliable predictions. 
 
6. Conclusions 
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 Microstructural characterisation reveals a very fine grain structure in the HVOF 
sprayed CoNiCrAlY bond coat, with a twinned  grain structure at a grain size varying 
largely between 0.5 m and a monocrystalline structure of  phase with a grain size 
of about 0.8 m 
 It is found that a rough oxidising surface results in a larger  depletion zone compared 
to a polished smooth surface due to a larger surface area of the rough surface.  
 A numerical model employing the Thermo-Calc and DICTRA software gives 
reasonably good agreement with the experimental observations in both  depletion 
zone growth and element concentration profiles by using an Al flux function as the 
boundary condition. It is assumed that a 1 m oxide has already formed after the 
initial heat treatment. The Al flux function is derived from the oxide growth equation 
of Meier et al. [34]. 
 Further work on improving the oxide growth model and effective diffusion 
coefficients within the MCrAlY will be necessary to improve agreement between 
model predictions and experimental measurements. 
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Table 1 
Relationship between initial assumed oxide thickness, the time for the corresponding 
oxide to grow, the resultant initial β depletion zone, and the initial Al flux at each initial 
oxide thickness. 
Initial oxide 
thickness (μm) 
Time for the 
initial oxide to 
grow (s) 
Initial β depletion 
zone (μm) 
Initial Al flux 
(mol/(m
2
s)) 
0.25 100 1.4 6.46 x 10
-5
 
0.5 800 2.8 1.61 x 10
-5
 
1 6441 5.6 4.00 x 10
-6
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Table 2 
Comparison of  and  phase compositions of CoNiCrAlY (Co-31.7Ni-20.8Cr-8.1Al-0.5Y, 
all in wt%, neglecting Y) calculated from Thermo-Calc using the TTNi7 database at 
1100 C and experimentally measured by EDX following the initial vacuum heat 
treatment for 2 h at 1100 ºC. 
Element 
 phase  phase 
wt% at% wt% at% 
Calculated 
TTNi7 
(at 1100 ºC) 
Co 43.0 39.4 28.6 23.2 
Ni 27.4 25.2 44.8 36.6 
Cr 24.9 25.9 8.4 7.7 
Al 4.8 9.5 18.3 32.4 
      
Experimental 
EDX results 
Co 41.1 ± 0.5 38.0 ± 0.5 24.6 ± 0.5 20.0 ± 0.5 
Ni 29.2 ± 0.5 27.1 ± 0.4 48.2 ± 1.2 39.3 ± 0.9 
Cr 25.8 ± 0.2 27.0 ± 0.3 8.7 ± 1.1 8.0 ± 1.1 
Al 3.8 ± 0.2 7.8 ± 0.4 18.5 ± 0.4 32.8 ± 0.6 
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Table 3 
Comparison of  and  phase fractions between experimental measurements and 
calculated values using Thermo-Calc with the TTNi7 database at 1100 C 
 
Phase mass fraction Phase volume fraction  
    
TTNi7 
Calculated 
75% 25% 72% 28% 
Experimental 
measurements 
----- ----- 69 ± 2% 30 ± 2% 
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FIGURES 
 
Fig. 1 A schematic cross section of a free-standing MCrAlY coating showing the 
development of β depletion zone during oxidation. 
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Fig. 2 A schematic diagram showing the expected development of β volume fraction (dotted 
line) in the free-standing coating with increasing oxidation time (t1, t2, t3, t4). The solid line 
(t=0) shows the initial β fraction. 
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Fig. 3 A diagram showing schematically the variation of Al concentration against distance 
with an Al flux, JAl, in the coating towards the oxide/coating interface to meet the oxygen flux, 
Jox, to form the Al2O3 scale, and the formation of a β depletion zone. 
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Fig. 4 Plot of the initial element profile when an initial oxide thickness of 1 µm is assumed. 
The initial β depletion zone is 5.6 µm. The composition in the β depletion zone is referred as 
the γ phase composition and the composition in the γ+β region is referred as the initial alloy 
composition. 
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Fig. 5 BSE micrographs of the HVOF sprayed CoNiCrAlY bond coat following vacuum heat 
treatment: (a) rough surface; (b) polished surface; (c) general microstructure of the coating 
showing the γ+β structure with some oxide stringers embedded in the coating. 
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Fig. 6 Phase mass fraction map of CoNiCrAlY (Co-31.7Ni-20.8Cr-8.1Al-0.5Y, all in wt%, 
neglecting Y) obtained from Thermo-Calc using TTNi7 database. 
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Fig. 7 EBSD map showing the grain structure of the CoNiCrAlY coating: (a) inverse pole 
figure map showing the grain orientations; (b) corresponding phase map indicating the 
individual  and  grains ( in green and  in red). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8 Oxidation and  depletion of the CoNiCrAlY coating after oxidation for 250 h at 
1100 ºC: (a) rough oxidising surface; (b) polished oxidising surface. 
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Fig. 9 β depletion zone measurements of free-standing CoNiCrAlY coating with rough and 
polished surfaces after oxidation at 1100 ºC for 50, 75, 100 and 250 h. The initial β depletion 
zone formed after the initial heat treatment at 1100 ºC for 2 h is also included. Error bars 
represent the standard deviation of measurements. 
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Fig. 10 EBSD mapping showing an increase of the γ grain size in the β depletion zone at the 
rough surface of the CoNiCrAlY coating after oxidation for 250 h at 1100 ºC: (a) inverse pole 
figure map showing the grain orientations; (b) corresponding phase map indicating the 
individual  and  grains ( in green and  in red). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 11 Plots of phase mass fraction versus distance from the surface obtained from DICTRA 
calculation. Data are plotted for 4 different oxidation times. 
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Fig. 12 Plots of element concentration versus distance from the oxidising surface after 100 h 
diffusion calculations. The β depletion zone extends up to ~35 µm into the sample. In the two-
phase region, compositions are the average of the two phases. 
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Fig. 13 Plot of Al concentration versus distance for different times at 1100 ºC, showing the Al 
content near the oxide/coating interface is close to 4.8 wt%. 
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Fig. 14 Comparison of experimentally measured elemental profiles and modelling results at 
1100 ºC for 250 h, the solid lines are the modelling results and the dotted-symbol lines are the 
EDX measurements. 
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Fig. 15 Plot of β depletion zone versus √𝑡  for three different initial oxide thicknesses 
(1100 ºC exposure). 
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Fig. 16 Plots of β depletion zone thickness versus √𝑡 from experimental measurements and 
predicted from the DICTRA model. An initial oxide thickness of 1 µm is assumed and the 
temperature is 1100 ºC 
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Fig. 17 Plot of log D versus 1/T for the lattice diffusion coefficient [33] and grain boundary 
diffusion coefficient (Eq. 12). 
 
 
 
  
